Thermal Behavior of a Heat Exchanger Module for Seasonal Heat Storage  by Fan, Jianhua et al.
 Energy Procedia  30 ( 2012 )  244 – 254 
1876-6102 © 2012 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of PSE AG
doi: 10.1016/j.egypro.2012.11.029 
SHC 2012 
Thermal behavior of a heat exchanger module for seasonal 
heat storage 
Jianhua Fan*,aSimon Furbo, Elsa Andersen, Ziqian Chen, Bengt Perers,  
Mark Dannemand 
Department of Civil Engineering, Technical University of Denmark, Brovej 118, Kgs. Lyngby, DK 2800, Denmark 
 
Abstract 
Experimental and theoretic investigations are carried out to study the heat transfer capacity rate of a heat exchanger 
module for seasonal heat storage with sodium acetate trihydrate (SAT) supercooling in a stable way. A sandwich heat 
storage test module has been built with the phase change material (PCM) storage box in between two plate heat 
exchangers. Charge of the PCM storage is investigated experimentally with solid phase SAT as initial condition. 
Discharge of the PCM storage with the presence of crystallization is studied experimentally. Fluid flow and heat 
transfer in the PCM module are theoretically investigated by Computational Fluid Dynamics (CFD) calculations. The 
heat transfer rates between the PCM storage and the heating fluid/cooling fluid in the plate heat exchangers are 
determined. The CFD calculated temperatures are compared to measured temperatures. Based on the studies, 
recommendations on how best to transfer heat to and from the seasonal heat storage module are given. 
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1. Introduction 
Theoretical investigations have shown that a solar heating system with a collector area of 36 m² can 
fully cover the yearly heat demand of a low energy house in Denmark if the solar heating system is based 
on a 6000 l seasonal heat storage with sodium acetate trihydrate (SAT) supercooling in a stable way [1, 
2]. The heat storage is divided into a number of separate heat storage modules. The heat exchange 
capacity rates both for charge and discharge of a 500 l seasonal heat storage module must be around 500 
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W/K in order for the solar heating system to fully cover the yearly heat demand of low energy buildings 
[1]. Experimental investigations of a sandwich heat storage test module built with the phase change 
material (PCM) storage box in between two plate heat exchangers have earlier been carried out [3]. The 
measured heat exchange capacity rates are about a factor of 1.5-5 of the desired value, both for charge 
and discharge periods. Fluid flow and heat transfer in the PCM storage model were investigated using 
either liquid or solid phase CFD models. However the heat transfer in the module during melting and 
crystallization is much more complex than single phase problems [4-7]. It is pointed out in [8, 9] that 
there are considerable discrepancies between experimental and theoretical results due to thermal inertia, 
instability in the systems, lack of reliable information about the physical properties of the materials, etc.  
The aim of this paper is to investigate experimentally and theoretically the thermal behavior of a heat 
exchanger module for seasonal heat storage in the presence of melting/crystallization of SAT. Charge of 
the PCM storage is investigated with solid phase SAT as initial condition. Discharge of the PCM storage 
with the presence of crystallization is studied. The heat exchange capacity rate of the PCM heat storage 
module during charge and discharge is determined. 
 
Nomenclature 
Cp  specific heat, J/kg/K  
h  sensible enthalpy, J 
H enthalpy, J 
Hex  heat exchange capacity rate, W/K 
k thermal conductivity, W/(mK) 
L  latent heat of SAT, kJ/kg 
S source term 
t time, s 
T temperature, K 
V  volume flow rate during charge/discharge, m3/s 
β  liquid fraction, - 
λ thermal conductivity of SAT, W/(mK) 
ρ  density, kg/m3 
μ dynamic viscosity, kg/(ms) 
v  fluid velocity vectors, m/s 
ΔH  latent heat, J 
Subscript 
f inlet 
r outlet 
s PCM store 
2. The experimental investigations 
Theoretical calculations by Schultz and Furbo [1] have shown that the heat exchange capacity rates both 
for charge and discharge of a seasonal heat storage module for solar heating systems fully covering the 
yearly heat demand of low energy buildings must be around 500 W/K.  
The heat exchange capacity rate of a sandwich heat storage module is investigated experimentally. Figure 
1 shows a photo of the heat storage module. The test module has a length of approx. 2458 mm and a 
width of approx. 1254 mm. The height of the PCM storage box is 5 mm. The module is filled with 210 kg 
salt water mixture consisting of 58% (weight%) sodium acetate and 42% (weight%) water. The volume of 
the salt water mixture is about 156 l, corresponding to about 1/3 of the size of a real seasonal heat storage. 
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It is therefore estimated that the heat exchange capacity rate for the investigated heat storage module must 
be around 167 W/K. 
The salt water mixture is used, since it supercools in a stable way. Investigations by Furbo [10] have 
shown that a salt water mixture of 58% NaCH3COO and 42% water can be used in tanks made from steel 
without a risk of corrosion. The module material is therefore steel and the wall thickness is 2 mm.  
The aim of the investigations is to determine the heat exchange capacity rate of the PCM module during 
charge and discharge. Two plate heat exchangers are mounted: one on the top and the other one on the 
bottom surface of the PCM module. The height of the plate heat exchanger is approx. 2 mm. In order to 
avoid dead zones and uneven flow distribution of the charge/discharge flow, the flat plate heat exchangers 
are divided into 16 equally spaced parallel channels. The width of the channel is approx. 150 mm. The 
module can be charged either from the bottom heat exchanger or from both the bottom and the upper heat 
exchangers, whereas during discharge of the module either the upper heat exchanger or both heat 
exchangers can be used. The sandwich like heat storage module is insulated with mineral wool or 
insulation foam on all external surfaces.  
Water is used as the heat transfer fluid in the heat exchangers. The water volume flow rate during charge 
and discharge of the module is regulated by a circulation pump and two valves. The circulating flow rate, 
in the range of 2-7 l/min, is measured using a Brunata type HGQ1-R0 flow meter. The inlet and outlet 
water temperatures of the heat exchangers are measured by copper-constantan thermo couples (type TT). 
The temperature of the PCM store can not be measured directly since insertion of temperature sensors 
into the store prevents stable supercooling of SAT and is therefore avoided. The temperature of the PCM 
store can be estimated by measurement of temperatures on the surfaces of the store. The surface 
temperatures of the PCM module are measured by 12 equally spaced thermocouples (type TT) with 6 
sensors attached to the upper surface and 6 sensors attached to the bottom surface of the store, shown as 
circles in Fig. 1. The temperatures of the sides of the PCM module are measured by 4 thermocouples 
(type TT), shown as squares in Fig. 1. The data collection and control program IMPVIEW is used to log 
the fluid flow rate, the inlet and outlet temperatures of the heat exchanger, the surface temperatures of the 
PCM store and the ambient temperature during the test period. The accuracy of the flow rate 
measurement is ± 1 % while the accuracy of the type TT thermocouples is ± 0.5 K. 
3. The numerical method 
3.1. The computational fluid dynamics model 
Computational fluid dynamics calculations are carried out to theoretically investigate the fluid flow 
and heat transfer in the heat storage module during charge and discharge. As the heat storage module has 
16 equally spaced parallel channels, it is expected that heat transfer and fluid flow in the storage module 
can be represented by one channel with appropriate symmetry conditions. The approximation can be 
considered reasonable as calculations with a preliminary CFD model of the whole storage module show 
an even flow distribution among the 16 channels. A simplified model of one channel is built using the 
commercial CFD code Ansys (Fluent) 13 [11], see Fig. 2. The model includes the PCM box, the flat plate 
heat exchanger mounted at the bottom surface of the PCM box and the heat exchanger mounted at the 
upper surface of the PCM box. During charge/discharge, the hot/cold water enters into the plate heat 
exchanger through an inlet opening located in one corner of the exchanger and leaves the heat exchanger 
through an outlet opening in the opposite corner. The module can be charged by either the bottom heat 
exchanger or both the bottom and the upper heat exchangers while during discharge either the upper heat 
exchanger or both the upper and the bottom heat exchangers are used. The height of the water passage is 
2 mm. The heat loss coefficient of the PCM storage module is determined by measurements and used as 
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an input to the CFD models. The measured mean ambient air temperature during the experiment is used 
as free stream temperature of the module surfaces in the CFD models. In this way, the CFD model takes 
into account the heat loss from the storage module. 
Mesh of the channel of the PCM module is shown as an example in Fig. 3. Fig. 3 (A) shows mesh at 
the horizontal plan of the module. The flow passage created by the channel is meshed with high quality 
hexahedral elements with an interval size of 8 mm. Mesh at a vertical cut plane across the channel is 
shown as View A in Fig. 3 (B). The model includes the PCM box in the middle and two heat exchangers 
at the upper and at the bottom of the PCM box respectively. A denser mesh is applied to the heat 
exchanger where a larger temperature/velocity gradient is expected. The mesh close to the walls is refined 
in order to capture the large temperature/velocity gradients in the near wall regions. In between the PCM 
box and the heat exchanger, there is a steel wall meshed with one node vertically. Both vertical and 
horizontal conductive heat transfer in the solid steel wall are considered. The model has a mesh with 
approx. 100,000 cells in total. 
 
 
 
Fig. 1.  Photo of the PCM heat storage test module with 
plate heat exchangers at the top and the bottom.  
Fig. 2. CFD model of one channel of the PCM module. 
 
(A) Mesh at the horizontal plan of the module  (B) Mesh of the module View A 
Fig. 3. Mesh of the PCM module with a PCM box in between two heat exchangers.  
Since water flow in the plate heat exchanger mostly falls in laminar region, the laminar model is used 
in the CFD calculations. Fluid flow in the PCM box is calculated with a laminar model. Transient CFD 
calculations are performed with an initially standstill module (all fluid velocities are zero) and a uniform 
temperature. The PRESTO and second order upwind method are used for the discretization of the 
pressure and the momentum equations respectively. The SIMPLE algorithm is used to treat the pressure-
velocity coupling. The calculation is considered convergent if the scaled residual for the continuity 
equation, the momentum equations and the energy equation are less than 1.0×10-4, 1.0×10-4 and 1.0×10-7 
respectively. One calculation takes approximately 10-48 hours for a computer with 2×3 GHz CPU 
frequency and 4G memory.  
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3.2. The melting/crystallization model 
During charge and discharge of the module, phase transitions of SAT between solid and liquid phase 
will have a significant influence on the heat transfer in the PCM module. The enthalpy-porosity method is 
used to calculate melting and crystallization of SAT. In the enthalpy-porosity method, the melt interface 
is not tracked explicitly. Instead, a quantity called the liquid fraction, which indicates the fraction of the 
cell volume that is in liquid form, is associated with each cell in the domain. The liquid fraction is 
computed at each iteration, based on an enthalpy balance. The energy equation is written as 
      STkHvH
t
 w
w &UU        (1) 
Where ρ is density, kg/m3; v is fluid velocity vectors, m/s. S is Source term. 
The enthalpy of SAT, H, consists of sensible enthalpy, h and latent heat, ΔH. 
HhH '          (2) 
dTChh
T
T pref ref³          (3) 
where H is the enthalpy; Cp is the specific heat of SAT; T is the temperature in K. 
The latent heat is calculated by a product of the liquid fraction and the latent heat of the material. 
LH E '  
where L is the latent heat of SAT, 265 kJ/kg; β is the liquid fraction, -. 
The liquid fraction is 1 when the PCM temperature is higher than the melting temperature, while it is 0 
if the PCM temperature is lower than the melting temperature. In this way, melting and crystallization of 
SAT during charge/discharge of the module are considered. 
Properties of liquid mixture of 42% (weight) water and 58% (weight) NaCH3COO and their 
dependences on temperature are shown as follows [12, 13]: 
 
 
where T is fluid temperature, [K]. 
Properties of solid PCM and their dependences on temperature are shown as follows [12]: 
where T is fluid temperature, [K]. 
 
Water is used to charge and discharge the PCM module. Properties of water and their dependences on 
temperature are shown as follows: 
 
Density, [kg/m3] T*0.780-1579=U  (4) 
Specific heat, [J/(Kg.K)] TCp *33.41594   (5) 
Thermal conductivity, [W/(mK)] 25 *1063.3*0214.072.2 TT u O  (6) 
Dynamic viscosity, [kg/(ms)] T*1067.2110.0 4u P  (7) 
Density, [kg/m3] Constant = 1530   
Specific heat, [J/(Kg.K)] TCp *50.31017   (8) 
Thermal conductivity, [W/(mK)] Constant = 0.6   
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where T is fluid temperature, [K]. 
The steel wall has a thermal conductivity of 60 W/K/m and a density of 7850 kg/m3. 
4. Results and discussion 
In order to determine the heat exchange capacity rate from and to the PCM module, charge and 
discharge test of the PCM module have been carried out with different volume flow rates. Power of heat 
exchange and heat exchange capacity rate between water and the PCM store are determined. The power 
during charge and discharge is determined by equation (12).  
)( rfp TTabsVCP  U          (12) 
Heat exchange capacity rate, Hex, is determined by equation (13). 
)1ln(
sf
rf
p TT
TT
VCHex 
 U         (13) 
V is the charge/discharge volume flow rate in m3/s. Cp is specific heat of the fluid in J/(kgK). ρ is density 
of the fluid in kg/m3. Tf, Tr and Ts is respectively the inlet temperature, outlet temperature of the 
charging/discharging flow and temperature of the PCM store. Temperature of the PCM store is measured 
indirectly by temperature sensors attached to the upper, the bottom and the side surfaces of the module.  
4.1. Charge of the module 
Charge of the PCM module has been investigated at a volume flow rate of 2 l/min and 7 l/min 
respectively. The charge test starts with a uniform module temperature of 17-21ºC and with a constant 
water inlet temperature of 75-77ºC. Either the bottom heat exchanger or both the bottom and the upper 
heat exchangers are used during charge. Fig. 4 shows the charging power versus temperature of the PCM 
store at charging volume flow rates of 2 l/min and 7 l/min respectively. The PCM store temperature is 
obtained by an average of all measured surface temperatures of the PCM module. At the start of the 
charging process the power reaches up to approx. 12000 W. The extremely high charging power can be 
explained by the replacement of cold water by hot water in the heat exchanger in the start of the test. As 
the PCM store temperature increases, the charging power decreases. For the charge only by the bottom 
heat exchanger with a volume flow rate of 2 l/min, the charging power decreases from 4000 W to 480 W 
as the temperature of the PCM store increases from 30ºC to 66ºC. With an increase of the volume flow 
rate to 7 l/min, the charging power increases by 100-120%. If the PCM store is charged by both the 
bottom and the upper heat exchangers with the same total volume flow rate of 7 l/min, the charging power 
further increases by 80-130%, corresponding to about 1200-5500 W, which can be explained by the 
increase of heat transfer surface area if both heat exchangers are used for charging. 
Fig. 5 shows heat exchange capacity rate versus temperature of the PCM store for a volume flow rate 
of 2 l/min and 7 l/min respectively. For the charge only by the bottom heat exchanger, the heat exchange 
capacity rate lies in the range of 60-220 W/K, except the very start of the test where higher heat exchange 
capacity rates are observed due to the inertial effect of the module and the replacement of the cold water 
Density, [kg/m3] 2T*0.00257-T*1.21+863=U  (9) 
Dynamic viscosity, [kg/(ms)] 5.5)
315
(*0007.0  TP  (10) 
Thermal conductivity, [W/(mK)] T*1084.8375.0 4u O (11) (11) 
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by hot water in the heat exchanger. The increase of the volume flow rate from 2 l/min to 7 l/min approx. 
doubles the heat exchange capacity rate at a PCM store temperature between 33-66ºC. When the PCM 
store is charged by both the bottom and the upper heat exchanger, the heat exchange capacity rate is 
increased by a factor 2-3, corresponding to about 240-380 W/K. It can be concluded that the charge 
volume flow rate has a significant influence on the charging power and the heat exchange capacity rate.    
The average heat exchange capacity rate determined by 6(Hex*P)/ 6 (P) is shown in Table 1. The 
column ‘Tall’ indicates that the heat exchange capacity rate is calculated based on a PCM store 
temperature determined by an average of all measured surface temperatures. The column ‘Tside’ 
indicates that the heat exchange capacity rate is determined based on a PCM store temperature obtained 
by an average of the measured temperatures of the side surfaces of the PCM box. A large difference can 
be seen between the heat exchange capacity rates determined by the two methods. It can be concluded 
that the determination of the PCM store temperature has a big influence on the heat exchange capacity 
rate. Measurement of the PCM store temperature could be improved, for example, by insertion of 
temperature probes in the PCM box.  
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Fig. 4.  Power versus temperature of the PCM store during 
charge.  
Fig. 5.  Heat exchange capacity rate versus temperature of the 
PCM store during charge.  
4.2. Discharge of the module 
Discharging of the PCM store is investigated with volume flow rates of 2 l/min and 7 l/min. The 
discharge test starts with a uniform module temperature of about 75-77ºC and with a constant inlet 
temperature of about 15-18ºC. Fig. 6 shows discharging power versus temperature of the PCM store 
where liquid PCM is crystallized during the discharge. The discharge power decreases with the decrease 
of PCM store temperature, especially for a discharge with both the upper and the bottom heat exchangers 
at a volume flow rate of 7 l/min. Fig. 7 shows the heat exchange capacity rate during discharge. The heat 
exchange capacity rate of the upper heat exchanger decreases from 200 W/K to 53 W/K with a decrease 
of the PCM store temperature from 68ºC to 20ºC. The volume flow rate has an insignificant influence on 
the heat exchange capacity rate while the heat exchange capacity rate is significantly increased if both the 
upper and the bottom heat exchanger are used for discharge.   
The average heat exchange capacity rate during discharge is shown in Table 1. It can be concluded that 
the heat exchange capacity rate during charge/discharge increases by a factor of 2-3 if both the upper and 
the bottom heat exchangers are used instead of the use of either the upper or the bottom heat exchanger. 
Scaled to the size of a real module, the heat exchange capacity rate of the module during charge/discharge 
is close to the required value, 500 W/K if both the upper and the bottom heat exchanger are used.  
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4.3. The CFD predicted charge behavior 
Thermal behavior of the PCM module during charge by the bottom heat exchanger is investigated 
using the CFD model implementing the enthalpy-porosity method. The CFD predicted and the measured 
charging power are shown in Fig. 8. The curve ‘Measurement, Ttop’ shows the charging power versus the 
PCM store temperature determined by the measured upper surface temperatures while the curve 
‘Measurement, Tside’ shows the charging power versus the PCM store temperature determined by the 
measured side surface temperatures. During charge of the PCM store, temperature of the PCM store can 
be estimated by an average of the side or the upper surface temperatures or by an average of all surface 
temperatures. Due to the relatively low thermal conductivity of the solid phase and liquid phase sodium 
acetate tri-hydrate, it is expected that heat transfer within the PCM material contributes to most of the 
thermal resistance of the module while the heat transfer between the steel wall and the circulating water 
has a much smaller thermal resistance. Therefore the temperature of the side steel wall is almost the same 
as the mean water temperature during the test. Before the PCM material is fully melted, the heat will be 
used to melt the PCM material, resulting in a stepwise temperature change in the store. Average of the 
side surface temperatures of the module, Tside, therefore overestimates temperature of the module, 
whereas average of the upper surface temperatures, Ttop, underestimates temperature of the PCM 
module.  
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Fig. 6. Power versus temperature of the PCM store during 
discharge. 
Fig. 7. Heat exchange capacity rate versus temperature of the 
PCM store during discharge. 
Table 1. The power weight average heat exchange capacity rate (in W/K) during charge and discharge. 
Volume flow rate Charge  Discharge 
Tside Tall Difference Tside Tall Difference 
2 l/min one side 81 84 4% 200 120 -67% 
both sides 155 180 14% - 320  
7 l/min one side 200 150 -33% 240 140 -72% 
both sides 450 400 -12% - 530  
 
It can be seen from Fig. 8 that for the same charging power the PCM store temperature Tside is higher 
than the temperature Ttop. In the start of the charging process, the difference between Tside and Ttop 
reaches up to 17K. The difference decreases gradually with melting of the PCM material. When the store 
temperature is higher than 68ºC, the difference between Tside and Ttop becomes insignificant. The 
charging power decreases gradually with increase of the PCM store temperature. The CFD predicted 
power versus temperature of the PCM store is shown as black solid curve in Fig. 8. For the same 
252   Jianhua Fan et al. /  Energy Procedia  30 ( 2012 )  244 – 254 
temperature of the store, the CFD predicted power follows the measured power.  
The CFD predicted heat exchange capacity rate versus the PCM store temperature is shown in Fig. 9. 
The CFD predicted heat exchange capacity rate lies in between the heat exchange capacity rate 
determined by the upper surface temperatures and by the side surface temperatures when the PCM store 
temperature is in the range of 20-55ºC while at a PCM store temperature >55ºC, the CFD model tends to 
overestimate the heat exchange capacity rate. The disagreement could be caused by an underestimation of 
the viscosity of the liquid phase SAT by equation 7 in the CFD calculations, resulting in an overestimated 
convective heat transfer and a higher charging power. The disagreement could also be caused by errors in 
the experiments. However these theories need to be confirmed in future investigations. 
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Fig. 8.  Measured and CFD predicted power versus temperature of 
the PCM store during charge by the bottom heat exchanger with a 
volume flow rate of 7 l/min. 
Fig. 9.  Measured and CFD predicted heat exchange 
capacity rate during charge by the bottom heat exchanger 
with a volume flow rate of 7 l/min. 
 
The CFD predicted liquid fraction of the PCM store at a vertical cut plane parallel to the channel is 
shown in Fig. 10. Temperature distribution of the PCM store is shown in Fig. 11. The hot water flows 
from right to left, therefore the end to the right has a higher temperature than the end to the left. It can be 
seen that the melting of SAT starts at the bottom of the store as the store is charged only by the bottom 
heat exchanger. As the module is gradually heated up, the solid SAT at both ends close to the manifold 
starts to melt. The solid SAT at the end to the right melts faster than the solid at the end to the left which 
can be explained by the relatively higher fluid temperature in the manifold at the inlet side. After 2.5 h of 
charge, approx. half of the solid SAT is melted, while the PCM store is completely melted after 5.8 h after 
the start. 
 
  
Fig. 10: Liquid fraction of the PCM store during charge by the 
bottom heat exchanger with a volume flow rate of 7 l/min. 
Fig. 11: The PCM store temperature during charge by the 
bottom heat exchanger with a volume flow rate of 7 l/min. 
 
Water flow Water flow 
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5. Conclusions 
Thermal experiments and CFD simulations have been carried out to investigate the heat exchange 
capacity rate from and to the PCM module. For the module charged by the bottom heat exchanger or the 
module discharged by the upper heat exchanger, the measured heat exchange capacity rate is in the range 
of 80-240 W/K. The heat exchange capacity rate increases by a factor of 2-3 if both the upper and the 
bottom heat exchangers are used during charge/discharge. The volume flow rate has a significant 
influence on the charging power and the heat exchange capacity rate. Scaled to the size of a real heat 
storage module, the heat exchange capacity rate of the module is close to the required value, 500 W/K if 
the module is charged or discharged by both the upper and the bottom heat exchanger. The determination 
of the PCM store temperature has a big influence on the heat exchange capacity rate. Measurement of the 
PCM store temperature should be improved in further investigations. 
Preliminary CFD investigations of thermal behavior of the module during charge/discharge using the 
enthalpy-porosity method show that the CFD model can predict satisfactorily the power and heat 
exchange capacity rate of the module during charge at a PCM store temperature between 20-55ºC, while 
the CFD model overestimates the heat exchange capacity rate at a PCM store temperature > 55ºC. 
Possible explanation could be the change of molecular structure of liquid SAT resulting in huge variations 
in the viscosity during charge and discharge which can not be considered in the CFD model. Further 
investigations of the CFD model would be recommended in the future to determine the cause of the 
disagreement.  
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